Acrocephalus scirpaceus × A. palustris in Norway documented with molecular methods
INTRODUCTION
Recent developments in molecular methodology allow confident identification of hybrids as well as the maternal and paternal species in birds (Hebert et al. 2004 , Beier et al. 1997 , Hansson et al. 2003 , Hansson et al. 2004 , Lifjeld et al. 2010 ). This opens new possibilities for assessing hypotheses about the occurrence of hybridization and the development of hybrid characters. In particular, accumulating knowledge of maternal and paternal species of hybrids may shed light on the importance of inheritance versus imprinting and learning on the development of song and habitat selection (Hildén 1965 , Cody 1985 , Catchpole & Slater 2008 . For example, if hybrids generally choose a habitat which is different from the habitat they were raised in, this might provide evidence for genetic effects on habitat selection overriding effects of imprinting.
Hybridization between Acrocephalus species has been documented for several combinations of species, in many cases with information on maternal and paternal species (Koskimies 1980 , 1984 , Beier et al. 1997 , Hansson et al. 2003 , Lindholm et al. 2007 , Lifjeld et al. 2010 . In fact, these cases seem to comprise a large proportion of all studies which have identified maternal and paternal species of bird hybrids, and Acrocephalus hybrids may therefore provide a model system for studies of hybrid ecology.
On 23 June 2011, an unidentified Acrocephalus warbler was reported from Østensjøvannet, a wetland nature reserve located in south-east Oslo, Norway (59°53`N, 10°49'E). It was suspected to be a hybrid because it was singing a mixed song with characteristics of both Reed Warbler A. scirpaceus and Marsh Warbler A. palustris. To our knowledge, hybrids between these two species have not been documented before using molecular analyses, although such hybrids have been suspected earlier (McCarthy 2006) . The aim of this article is to provide molecular evidence for the hybrid status of the bird, to determine its parental species, and to provide a documentation of its song, biometry, and habitat choice. We argue that accumulation of case studies of hybrids will in the future help in testing existing hypotheses for development of characters that may be influenced both by genetics and imprinting or learning.
MATERIAL AND METHODS

DNA-analyses
Late evening, on 3 July 2011, the bird was captured in a mistnet within a few minutes, attracted with its own song as playback. It was ringed, measured, photographed and a blood sample was taken.
The molecular analyses of the blood sample were done at The Natural History Museum in Oslo, where also the blood sample is kept, voucher no NHMO-35615. Genomic DNA was extracted using a commercial spin column kit (E.Z.N.A. DNA Kit; Omega Bio-Tek) following the manufacturers' protocol. We sequenced the first part of the mitochondrial cytochrome c oxidase subunit I (COI) gene which is the marker used in DNA barcoding in birds (Kerr et al. 2007 ). In the Barcode of Life Database (BOLD, Ratnasingham & Hebert 2007) , entries of the two species differ by at least 7.8% uncorrected distance, and this, together with the fact that mitochondrial DNA is inherited maternally, means that we could determine the mother species of the sampled bird by analyzing this marker. The targeted locus was amplified and sequenced with primers PasserF1 and PasserR1 (Lohman et al. 2009 ). The sequence was submitted to BOLD (BOLD Process ID: BONSC065-13) and GenBank (Accession number KC755399). To determine the paternal species of the sampled bird we analyzed a microsatellite marker that was shown to be monomorphic within and differ between Marsh Warbler and Reed Warbler in Lifjeld et al. (2010) ; TG02-120 .
Song recordings
On 28 June (evening) and 29 June (morning) AL recorded the song of the bird for in total 6 minutes and 17 seconds. We used a pair of Sennheiser microphones (MKH 70-P48 long shotgun; MKH 30 figure of eight), whose signals were mixed into 2-track stereo wav-files using the MS-technique, on a SoundDevices 702 solid state recorder (sampling rate 48,000; 24-bit precision). The microphones were mounted on a handheld Rycote mount with pistol grip and windshield. We took the recordings from a distance of approximately 7-15 m from the bird. We produced spectrograms in MATLAB (version 7.6.0 R2008a; Natick, Massachusetts: The MathWorks Inc.) based on wav-files that were converted to mono and down-sampled (sampling rate 22,050 and 16-bit precision). Further, we calculated the spectrograms with FFT size 1024, time windows with a width of 882 samples (0.04 s) weighted with the Blackman-Harris windowing function, and successive windows overlapping with 772 samples. This leads to an approximate temporal resolution of 0.005 s and frequency resolution of 21.5 Hz.
We identified the most obvious cases of vocal mimicry in the song. Such classification inevitably includes some level of uncertainty, not the least because mimicry does not need to be identical to the original sound, but rather inspired by it. Further, we divided the recording into sections of: 1) typical Reed Warbler song, 2) typical Marsh Warbler song or mimicry of other species (which is common for Marsh Warbler; see Lemaire 1977) , 3) sections difficult to classify, e.g., with traits of both species. This approach is similar to that of Short commuNicatioN Lemaire (1977) , with the exception that he classified all song sections into categories 1 or 2. Our identification of mimicked sounds and the classification of sections were done subjectively, based on solid experience on the song of the parental species and the vocalizations of European bird species.
The numbers of sections (Reed Warbler vs. Marsh Warbler) were compared with a binomial test (with a null hypothesis of binomial probability 0.5) and the average (log-transformed) section lengths with a two sample t-test. We further formed a Marsh Warbler to Reed Warbler-ratio using the total time classified to the respective species. This can be seen as a way to quantify the influence of each parental species on the song, despite some obvious limitations. We used a bootstrap approach to investigate the uncertainty associated with this ratio, by resampling with replacement all the sections 10,000 times.
Habitat
The habitat of the territory of the hybrid was described qualitatively by identifying the major plant species present. The habitat of the hybrid was compared to habitats of Reed Warblers and Marsh Warblers in Oslo county and neighbouring Akershus county recorded by SD during extensive field work during 1995-2012, which resulted in information about species occurrence at about 2000 sites. The comparisons focused on the presence/absence of common reed Phragmites australis at the sites where Reed Warblers or Marsh Warblers had been recorded during the breeding season because Gjershaug et al. (1994) reported that Reed Warblers in Norway breed mainly in reed beds whereas Marsh Warblers prefer areas with bushes and tall herbs.
RESULTS
DNA barcoding revealed that the mother of the assumed hybrid was a Reed Warbler, as the sequenced marker matched individuals of this species in BOLD with 98.8%-100%. Analysis of the microsatellite locus revealed one allele specific for Marsh Warbler (allele size 231 bp) and one specific for Reed Warbler (233 bp). The bird was thus confirmed to be a hybrid between Marsh Warbler and Reed Warbler. In contrast to hybrids between warblers with distinct plumage characters (see Lifjeld et al. 2010 ) the Marsh Warbler and Reed Warbler are very similar in visual appearance. This makes the recognition of phenotypic hybrid traits difficult to judge by the observers in the field. The basic biometric measurements were intermediate between Reed Warbler and Marsh Warbler, and were in the region where the measurements overlap between the two species. The composite measure wing/ notch ratio was also intermediate, but if hybridization was not considered as an option, the bird could according to Svensson (1992) have been taken for a Reed Warbler (Table 1 ). The bill was short and thick, i.e., shaped similarly to that of Marsh Warbler, and also the colouration of tarsi, feet and claws were somewhat closer to Marsh Warbler (Figures 1 and 2) .
The song of the hybrid resembled that of Marsh Warbler, with e.g. frequent mimicry of other bird species, highly variable rhythm, both high-and low pitched, harmonic and harsh sounds, often presented in complicated bursts with rapidly alternating elements. Despite these characters, typical for the Marsh Warbler, the bird regularly inserted both short and longer sections of typical Reed Warbler song. Apart from the song of parental species we could identify mimicry of 16 other bird species or genera ( Table 2 ). The list is most likely incomplete, as the bird may have mimicked more exotic species from the wintering grounds, which we are not able to identify (possibly some of the 'typical Marsh Warbler sounds'). Figure 3 shows the spectrogram of a 25 second sample of mixed song with shorter insertions of Reed Warbler's song. In Figure 4 , spectrograms for a Marsh Warbler-like and a Reed Warbler-like section are compared to spectrograms of the parental species, recorded by AL in the same area (Oslo-Akershus) and season (late June 2011), using the same equipment.
The recordings of the hybrid consisted of in total 5 minutes of active song, which we classified into 71 sections, assigned to either parental species or the unidentified category (see summary in Table 3 ). The hybrid sang Marsh Warbler-like song for 58% of the time and Reed Warbler-like song for only 21% of the time. This resulted in an estimated Marsh Warbler to Reed Warbler ratio of 2.71 (95% CI = {1.43, 5.42}). The null hypothesis of a unit ratio could be rejected with a two tailed test (based on the bootstrap, p = 0.002). A slightly larger number of sections were assigned to Marsh Warbler compared to Reed Warbler, but the difference was not statistically significant (binomial test, two tailed, n = 34 + 21, p = 0.058). However, the average duration was significantly longer in the sections assigned to Marsh Warbler (time in seconds: 5.16 ± 3.88 SD) compared to Reed Warbler (3.08 ± 1.86 SD), based on a two-tailed two sample t-test done on the logarithmic scale (t = 2.57, df = 53, p = 0.013). For the unclassified sections (n = 16) the average duration was 4.29 ± 3.21 SD. 
Short commuNicatioN
The hybrid individual was located in the north end of the lake, and was observed within a patch strongly dominated by common reed and surrounded on the northern edge by bushes and small trees (Salix spp., Rosa sp., Sambucus racemosa, Betula pendula, Alnus glutinosa), grasses (e.g., Dactylis glomerata, Alopecurus pratensis, Phleum pratense, Elytrigia repens) and herbs (e.g., Filipendula ulmaria, Lysimachia vulgaris, Epilobium angustifolium, Cirsium arvense, Rubus idaeus, Urtica dioica, Vicia sepium) ( Figure 5 ). In comparison, reed is the dominant plant species in all 41 known sites with breeding Reed Warblers in the counties of Oslo and Akershus. On the other hand, common reed does not occur at all in 110 of 147 Marsh Warbler sites. In these sites Marsh Warblers mainly use areas with tall herbs and low bushes. In the remaining 37 sites where common reed occurs, the Marsh Warblers usually sing perched on tall herbs and small bushes (seldom on the reeds). All four times seen, the hybrid bird was singing perched on the reeds. While this choice of singing post does not exclude Marsh Warbler, it is considered far more typical for the Reed Warbler.
DISCUSSION
Using molecular evidence we were able to confirm the hybrid status of our individual, having a Marsh Warbler father and a Reed Warbler mother, and to our knowledge this represents the first documented hybrid between these two species. Our conclusion of maternal and paternal species assumes that there is no paternal mitochondrial leakage. This phenomenon occurs in e.g., Drosophila and mice, but has been reported for one bird species only (Kvist et al. 2003) . We consider this scenario unlikely. It has been proposed that hybrid mating occurs more often between the females of a rare species and the males of a common species (Wirtz 1999) , but for birds Randler (2002) showed that this was not the case, and he suggested that more frequent hybridization occurred when one species had a scarcity of conspecifics, no matter the sex of the rare species. Lifjeld et al. (2010) documented a case in which the mother of an Acrocephalus hybrid was of the rarer species. However, Hansson et al. (2003) documented hybridization in an area in which both parental species were common. In our case, we do not know the origin of the hybrid, and even if it had been born locally, so it is somewhat unclear which species was the rarer one. Until the 1990s, the Reed Warbler was much more common than the Marsh Warbler in Oslo and Akershus, including this specific site (Dale et al. 2001) , but the Marsh Warbler has shown a rapid increase from around 2000 in southeastern Norway and is now roughly equally abundant (see e.g., Gylseth 2009).
Hybrid Acrocephalus have been shown to sing mixed song (Lindholm et al. 2007 ), or mixed song but predominantly from the mother species (Beier et al. 1997 , Lifjeld et al. 2010 . Because territories are generally established by male birds, hybrids are most likely to be imprinted on their father species, so the latter cases with a predominance of song from the mother species argue for a dominant role of have also been documented by molecular methods, with maternal and paternal species determined. Such data will build a better basis for evaluation of the relative role of inheritance and imprinting or learning, complementing studies using interspecific crossfostering (Slagsvold et al. 2002 , Eriksen et al. 2009 ). Currently, journals generally have a more restrictive attitude towards publishing case studies than before, in particular if similar case studies have already been published. While this is in many aspects understandable, we argue that there is a clear need for searchable fora with citable short reports (e.g., online data bases). These kinds of data, which cannot be collected on purpose by individual researchers, will over time accumulate into a valuable source of data for formal testing of existing hypotheses.
inheritance on song development (if hybrids result from mixed pairs rather than extra-pair copulations). Lemaire (1977) reported three cases of Reed Warblers singing mixed song of Reed Warbler and Marsh Warbler, suggesting that mixed song is not a character exclusive for hybrids. However, these individuals did not undergo any molecular investigation, and were identified using standard characters such as biometric measures, plumage, body shape and bill length. While the biometry and plumage of Lemaire's three mixed singers clearly pointed at Reed Warbler with more typical biometric measurements than our hybrid, it is not completely ruled out that some of them were hybrids. The variation in hybrids is unknown. Lemaire (1977) observed that one of the male Reed Warblers with mixed song 'paired successfully' with a female Marsh Warbler, which provides evidence of crossmating between the two species.
Our hybrid sang a mixed song with the paternal species (Marsh Warbler) represented 2.71 times more than the song of the maternal species (min 1.43, max 5.42). This result is similar to that of Lemaire (1977) in his analysis of genuine Reed Warblers singing mixed song. The null hypothesis of equal time allocation for both parental species' song might be a bit artificial, as we assigned typical mimicry to Marsh Warbler sections and as Marsh Warbler song naturally contains longer pauses in the song. Nevertheless, this method can be a useful way to quantitatively describe mixed song, and especially to compare several individuals with the same parental species. A drawback is that the subjective classification might lead to observer bias in the data, which in meta-analyses would take the form of statistical noise. Observer bias and resulting noise can potentially be reduced by letting several people analyse each case and report the average outcome. Alternatively, the noise can be reduced by letting the same person analyse all data and hence using a fixed level of observer bias.
Few reports on the habitat selection of hybrids with known maternal and paternal species have been published. Joseph & Moritz (1993) found that a hybrid Sericornis in Australia was collected in the habitat of the paternal species, although the individual was probably not a first generation hybrid. For Acrocephalus, Lindholm et al. (2007) reported that the habitat of a hybrid was typical of both parent species, whereas Lifjeld et al. (2010) apparently recorded the hybrid in the habitat of the father species. In our case, the habitat of the hybrid was most similar to that of the mother species (Reed Warbler) because it was dominated by reeds. Thus, evidence to date is scarce and does not indicate a consistent pattern regarding the habitat selection of hybrids in relation to that of parental species.
We argue that data on song and habitat selection should be recorded and published for all hybrids that
